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An XMM-Newton survey of broad iron lines in AGN 
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We report on the iron Ka line properties of a sample of Seyfert galaxies observed with the XMM-Newton EPIC pn in- 
strument. Using a systematic and uniform analysis, we find that complexity at iron-K is extremely common in the XMM- 
Newton spectra. Once appropriate soft X-ray absorption, narrow 6.4 keV emission and associated Compton reflection are 
accounted for, ~ 75 % of the sample show an improvement when a further Gaussian component is introduced. The typical 
properties of the broad emission are both qualitatively and quantitatively consistent with previous results from ASCA. The 
complexity is in general very well described by relativistic accretion disk models. In most cases the characteristic emission 
radius is constrained to be within ~ 50 R g , where strong gravitational effects become important. We find in about 1/3 of 
the sample the accretion disk interpretation is strongly favoured over competing models. In a few objects no broad line is 
apparent. We find evidence for emission within 6R S in only two cases, both of which exhibit highly complex absorption. 
Evidence for black hole spin based on the X-ray spectra therefore remains tentative. 
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1 Introduction 

Observations with ASCA showed complex, broad emission 
from iron to be very common in Seyfert galaxies (Nandra et 
al. 1997). These lines can be interpreted as emission from 
a relativistic accretion disk, in which case they represent a 
powerful probe of the strong gravity regime around black 
holes (Fabian et al. 1989; Stella 1990). The most celebrated 
case is MCG-6-30-15, where the broad, skewed line seen 
with ASCA is of high signal-to-noise ratio, and the disk 
line interpretation is apparently robust (Tanaka et al. 1995; 
Fabian et al. 1995). Several other high quality profiles from 
ASCA also showed broad, relativistic lines (e.g. George et 
al. 1998; Nandra et al. 1999; Done et al. 2000). 

Since the launch of XMM-Newton, it has been possi- 
ble to obtain even higher quality data on these broad emis- 
sion lines. Early results confirmed relativistic emission in 
some cases, including MCG-6-30-15 (e.g. Wilms et a. 2001; 
Fabian et al. 2002; Vaughan & Fabian 2004), but in others 
no broad line was detected (e.g. Gondoin et al. 2001 ; Pounds 
et al. 2003; Bianchi et al. 2004). In yet others, complexity 
has been observed around iron-X, but the interpretation as 
relativistic disk emission has been challenged. One specific 
suggestion is that absorption by a high column, high ioniza- 
tion warm absorber can mimic the "red wing" characteristic 
of an accretion disk line (Reeves et al. 2004). 
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The absence of a comprehensive and systematic survey 
of the X-ray spectra of Seyferts observed by XMM-Newton 
prevents firm conclusions being drawn as to the prevalence 
of broad iron lines in AGN and the robustness of their inter- 
pretation. Here we present preliminary results from such a 
study, the full results of which will be presented in a forth- 
coming paper (Nandra et al. 2006, in preparation). 

2 The sample and data analysis 

Our sample is culled from pointed AGN observations in the 
XMM-Newton archive. We examine only local AGN(z < 
0.05) and exclude Seyfert 2 galaxies and radio loud objects. 
Furthermore we choose only the objects with the highest 
number of counts in the 2-10 keV band, to maximise the 
signal-to-noise ratio around the iron line. The sample re- 
ported here consists of 41 observations of 30 objects. 

An important feature of our work is that we have per- 
formed a well-defined, uniform analysis, with conservative 
selection cirteria and using the latest available calibrations. 
The techniques are fully decribed in O'Neill et al. (2006, in 
preparation), but compared to much of the previous work 
the improvements include: a) consistent definition of source 
and background regions for each observation b) well defined 
and conservative background rejection c) precise definition 
of good-time intervals d) standardised spectral grouping re- 
lated to the instrumental resolution. We restrict our analy- 
sis to the pn instrument. For observations with significant 
pileup we use only the pattern events. Spectral fits are 
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Table 1 Comparison between mean parameters for broad lines 
determined by ASCA (Nandra et al. 1997) and XMM-Newton (this 
work). Note that that ASCA fits did not account for a distant narrow 
component of the Fe K«, nor did they include a warm absorber. 
The fraction of objects in which the F-test indicates a 99% im- 
provement is given, along with the mean Energy, Gaussian a and 
equivalent width. 





Fraction 


Energy 


Width 


EW 






(keV) 


(keV) 


(eV) 




(1) 


(2) 


(3) 


(4) 


ASCA 


77% 


6.34 ± 0.04 


0.43 ± 0.12 


160 ± 30 


XMM 


73% 


6.32 ±0.05 


0.36 ± 0.04 


108 ± 12 



undertaken in the 2.5-10 keV range only, to minimize com- 
plications due to absorption and soft excess emission, and 
avoid the instrumental calibration feature around 2.2 keV. 
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Fig. 1 Characteristic emission radius for the relativistic iron Ka 
lines versus disk inclination. 



3 Results 

3.1 Base model 

While we have excluded the most heavily obscured objects 
(Seyfert 2s) from our sample, there remains a possibility 
that absorption can have a significant effect even on the 
spectra above 2.5 keV. We account for this by fitting an 
XSTAR (Kallman et al. 2004) photoionization model to the 
spectra,excluding the iron band (4.5-7.5 keV). Where the 
the fit improves significantly at 95% confidence, according 
to the F-test, this XSTAR component is included in all sub- 
sequent fits, with free Nn and ionization parameter. It is 
now also known that many AGN exhibit narrow cores to 
their iron Ka lines (e.g. Yaqoob & Padhmanhaban 2004). 
These are thought to arise from very distant material such as 
the torus (e.g. Krolik & Kallman 1987; Awaki et al. 1991). If 
so they will be accompanied by continuum Compton reflec- 
tion. We therefore include in all fits below a neutral Comp- 
ton reflection component appropriate for a slab geometry 
(Magdziarz & Zdziarski 1995), with accompanying Fe Ka, 
Fe K/3 and Ni Ka, line emission (George & Fabian 1991) 
and a Compton shoulder (Matt 2002). The emission lines 
and reflection are all incorporated in a single model with 
solar abundances. We assume an inclination of 60° for the 
slab and hence the reflection is characterized by a single pa- 
rameter, R = Vl/2-k, where SI is the solid angle subtended 
by the slab at the illuminating source. 

3.2 Simple parameterization of the broad emission 

To provide a simple, model-independent characterization of 
further complexity in the iron band, we have added a broad 
Gaussian to the fits described above. A significant improve- 
ment to the fit was found in 30 of the 41 observations, and 
22 of the 30 objects. Clearly, complexity at iron Ka is ex- 
tremely common in Seyferts. A comparison between the 
mean parameters of the broad Gaussian fits to the ASCA 



data (Nandra et al. 1997) and our new XMM-Newton sam- 
ple, is given in Table 1 . There is remarkable agreement in 
all cases, with the exception that the line equivalent widths 
in the ASCA sample are about 50 % higher. This difference 
can be attributed to the fact that the narrow line cores were 
deconvolved in the XMM-Newton fits, but not with ASCA. 

The energies of the broad lines seen with XMM-Newton 
clearly indicate that they are associated with iron, as they are 
very close to the expected energy, but there is some evidence 
that the typical energy is redshifted compared to the neu- 
tral value. The lines are usually quite broad, with < a > = 
0.36 keV or 40,000 km s _1 FWHM. Significant dispersion 
is seen in all the measured quantities, however, which con- 
firms the result from ASCA that there is a wide variety of 
line profiles, and takes this further in that the variation from 
object-to-object cannot be attributed solely to varying rela- 
tive contributions of the narrow core and broader emission. 
It should also be noted that in 5 of the fits, the width of the 
"broad" gaussian component is < 10,000 km s _1 . These 
lines could plausibly arise from the optical broad line re- 
gion (BLR), rather than the inner disk. 

3.3 Disk line models 

We have tested explicitly whether the complex line shapes 
seen in the XMM-Newton spectra can be accounted for with 
a relativistic accretion disk. We do this by adding an ad- 
ditional, neutral reflection component with Fe and Ni line 
emission as above, but this time apply relativistic blurring 
(Laor 1991; Fabian et al. 2002). Rather than leave all the 
parameters free, we initially chose to fix the inner and outer 
radii at Ri = 6i? g and R Q — 400i? g . We adopt an emissivity 
law appropriate for a point source above a slab in a New- 
tonian geometry, which can be approximated as a broken 
power law. The adopted emissivity depends on R~ q , with 
q = within and q = 3 outside some break radius R^ T . 
This represents the characteristic radius where the major- 
ity of the line emission originates, so can be used to assess 
whether relativistic effects are important. The inclination 
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and reflection fraction are left as free parameters too. The 
relativistically blurred model improves the fits significantly 
in ~ 75% of the observations and indeed gives markedly 
better fits than a Gaussian in several cases. 

The characteristic emission radius (i?bi ) is plotted against| 
the inclination in Fig. 1. The bottom left part of this dia- 
gram is where we expect "classic" disk lines to occur. Here 
the emission is concentrated in the innermost regions (< 
50 R g ) and the inclination is relatively low, such that much 
of the emission is redshifted. The upper left portion is where 
we expect weak and very broad lines from highly inclined 
disks. It is sparsely populated, which is expected as such 
lines are difficult to detect. The upper right portion shows 
several strong disk lines with apparently high inclinations 
but at relatively large radii. This indicates that the lines are 
broad but predominantly towards the blue rather than the 
red. These are likely candidates for a highly ionized disk, 
which is in reality at lower inclination than inferred in fits 
which assume the disk is neutral. Finally, at the bottom right 
of the diagram we see emission at low inclination and large 
radius. In these objects the lines will be relatively narrow 
and not strongly shifted. For these, there is no requirement 
for the line to arise in the inner accretion disk and they may 
come from more distant material, such as the optical BLR. 

Using this model, we can also assess the evidence for 
black hole spin. A simple test is to repeat the fits using an 
inner radius of 1.235i? g , appropriate for a Kerr Black hole 
with a/Al = 0.998, as opposed to the Schwarzschild value 
of 6i? g . Only two of the spectra showed an appreciable im- 
provement with such a model. In both, NGC 3783 and NGC 
4151, there is complex absorption which strongly affects the 
spectrum above 2.5 keV (Reeves et al. 2004; Schurch et al. 
2004). We therefore consider the evidence for maximal Kerr 
black holes to be tentative, leaving it an open question as to 
whether black holes in AGN are generally rotating. 

3.4 Comparison with alternative models 

Some recent studies have suggested alternatives to the rela- 
tivistic disk model for broad iron lines in AGN. A number 
of objects show no evidence for broad emission at all, in- 
cluding some in our sample. In others, it may be possible 
to model the "red wing" as a high ionization warm absorber 
(Reeves et al. 2004), and the "blue wing" with blends of nar- 
row lines. To test this, we have fitted a model comprising a 
high ionization warm absorber (in addition lower ionization 
gas already included), with three narrow emission lines, two 
fixed at the energies appropriate to helium and hydrogen- 
like iron and another intermediate (6.4-6.7 keV) line with 
free energy. Once again neutral, unblurred reflection is also 
included to account for any narrow emission at 6.4 keV. 

A comparison of the \ 2 values is given in Fig. 2. The 
alternative model has 3 more free parameters than the disk 
line model, but provides a substantially worse fit in a large 
number of objects. In a few cases the alternative model fits 
a little better, but not substantially so considering the larger 
number of free parameters. 
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Fig. 2 Difference in \ 2 between the relativistic disk line model 
and an alternative model comprising a high ionization warm ab- 
sorber, and a blend of narrow lines. All fits include both line and 
continuum from a distant neutral reflector and a soft X-ray warm 
absorber where needed. The disk line model has 3 fewer free pa- 
rameters than the alternative, but provides a dramatically better fit 
in a large number of cases (see Fig. 3) 

From the consideration of this alternative model, and the 
results from Fig 1, we can define a sample of robust rel- 
ativistic lines for which disk models both indicate a small 
characteristic radius, and fit much better than the alterna- 
tive. There are 1 1 spectra of 9 objects satisfying the criteria 
that R br < 20 R g and Ax 2 > 10 for the relativistic model 
compared to the alternative model (despite having 3 fewer 
free parameters). The line profiles are shown in Fig. 3. 

4 Discussion and conclusions 

Our systematic XMM-Newton survey should serve to clear 
up some of the controversy about how often broad emis- 
sion lines from an accretion disk can be claimed robustly in 
AGN. For Seyferts, at least, complexity at iron Ka is seen 
in about 3/4 of objects and this complexity is always inter- 
pretable in terms of an accretion disk model. In about 1/3 
of our sample, that interpretation is clearly preferred over 
competing models. In a few cases with high signal-to-noise 
ratio the relativistic emission appears to be absent, but great 
caution needs to be exercised before this can be concluded 
definitively, as even with XMM-Newton very good statistics 
are required (Guainazzi et al., this volume). In cases where 
broad emission appears to be absent, the disk may simply be 
highly inclined, such that the line is very broad and weak. 
Alternatively, the inner disk may be hot and/or highly ion- 
ized (Nayakshin 2000), which can also account for cases 
where broad emission is present, but indicative of a relative 
large characteristic radius (~ 100 Rg). Alternatively, the 
lack of broad emission seen in a given observation may be 
due to line profile variability (Longinotti et al. 2004). 

Perhaps surprisingly, we have not yet found any strong 
evidence for black hole spin. This contrasts with some pre- 
vious studies indicating maximally rotating holes in MCG- 
6-30-15 (Wilms et al. 2001) and some black hole binaries 
(e.g. Miller et al. 2002). This is probably due to our con- 
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Fig. 3 The relativistic line "dream team": data/model ratios are shown in cases where the broad line emission is constrained to come 
from within Rbr < 20R g , and for which the alternative model narrow line blends plus warm absorber gives a worse fit by A\ 2 > 10. 
The reference continuum is a power law, with a warm absorber where necessary. Narrow line emission at 6.4 keV, with associated 
Compton reflection, is also included so the above ratio plots may underestimate any contribution at 6.4 keV from the accretion disk line. 



servative approach in consideration of distant reflection and 
complex absorption. On the other hand, our observations 
provide no evidence against rapidly rotating black holes in 
AGN and while it has been pointed out in several previ- 
ous studies that complex absorption can mimic very broad 
lines (e.g. Done & Gierlinski 2006), it is important to bear 
in mind that the converse is also true. 

Our main conclusion, however, is that the accretion disk 
interpretation for broad iron Ka lines in AGN appears to 
be robust. The implication is that the potential for X-ray 
observations, particularly with XEUS and Con-X, to reveal 
new information about the innermost regions of accreting 
black holes may well be realised. 
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